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Abstract

The conjugation of cis-diamminedichloroplatinum(II) (cis-DDP) by reduced glutathione (GSH) has been reported
in several studies. In this study, oxidized glutathione (GSSG) was found to interact with platinum complexes through
the S–S bond. The following platinum complexes were used: cis-DDP, trans-DDP and their aquated complexes. The
second-order rate constants for the reactions of cis-DDP and its aquated complexes with S–S in GSSG at pH 7.4 and
37°C were 4.12×10−3 and 3.56×10−2 M−1 s−1, respectively. The rate constants for the reactions of trans-DDP
and its aquated complexes with GSSG were 1.59×10−2 and 1.24×10−1 M−1 s−1, respectively. In order to
compare the reactivity of GSH with GSSG, the rate constant for the decrease in GSH sulfhydryl by cis-DDP and its
aquated complexes were obtained as 7.11×10−2 and 2.13×10−1 M−1 s−1. The rate constant for the reaction of
GSH toward cis-DDP was 17-fold larger than that of GSSG, while a 6-fold larger rate constant was obtained for the
aquated complexes of cis-DDP. cis-[Pt(NH3)2Cl(H2O)]+, the main species at pH 4.5, showed a 2-fold larger rate
constant than cis-[Pt(NH3)2Cl(OH)] at pH 9.5. The difference between the two pHs may reflect that water is a better
leaving group than the hydroxide ligand. These results suggest that GSSG may be involved in the conjugation of
cis-DDP like GSH. © 1998 Elsevier Science B.V.
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1. Introduction

Cisplatin, cis-diamminedichloroplatinum(II)
(cis-DDP), has been widely used in the anticancer
treatment of solid tumors, including testicular,
ovarian, head and neck (Chu, 1994). However,
treatments with platinum-containing drugs and
alkylating agents are often associated with a natural
or an acquired resistance for these drugs, which is
a major clinical problem. The mechanisms respon-
sible for the development of the resistance involve
reduced accumulation of the drug, increased detox-
ification by glutathione and metallothionein and
increased DNA repair (Timmer-Bosscha et al.,
1992). Aquired resistance observed clinically is
considered to be associated with the combination
of more than a single mechanism.

Glutathione, a major component of cellular
non-protein thiol, is involved in diverse biological
functions such as metabolism, catalysis, transport,
and the protection of cells against reactive oxygen
species, peroxidase, and xenobiotics (Meister,
1991). Tumor cell lines resistant to cis-DDP and
alkylating agents are often accompanied by an
increase in the cellular glutathione level, thus retard-
ing the amount of platinum that reaches the DNA
by binding to glutathione. During the formation of
the glutathione conjugate with cis-DDP, the re-
duced form of glutathione (GSH) has been shown
to be predominantly involved (Dedon and Borch,
1987). However, little information is available
about reactivity between the oxidized form of gluta-
thione (GSSG) and cis-DDP. In previous studies,
cis- and trans-DDP induced significant changes in
the structure of several plasma proteins which may
result from disulfide (S–S) bond cleavage (Ohta et
al., 1995a,b; Chen et al., 1994). A similar result was
obtained in studies of GSSG and platinum com-
plexes. This is the first study to show the conjugation
of cis-DDP by GSSG via the S–S bond.

2. Materials and methods

2.1. Materials

cis-Andtrans-DDPwerepurchased fromAldrich
(Milwaukee, WI) and used as received. 2-Nitro-5-

thiosulfobenzoate (NTSB) was synthesized. All
other chemicals were of analytical grade.

2.2. Reaction of platinum complexes with
glutathione

cis- Or trans-DDP was dissolved in a 0.5 M
NaClO4 solution containing 0.1 M NaCl. The pH
of the solutions were adjusted by adding 0.5 N
NaOH or HCl solution. NaCl (final concentration
of 0.1 M) was added to inhibit the aquation
reaction (Miller and House, 1990). The solution
was mixed with an excess amount of the platinum
complex to glutathione (GSSG or GSH) where
the final glutathione concentration was adjusted
to 2×10−5 M. Incubations were performed at
37°C for appropriate periods, and were protected
from light.

The reactions of the aquated forms of cis- or
trans-DDP with glutathione were conducted after
the aquation of the respective platinum solution.
The platinum complex solutions in 0.6 M NaClO4

without NaCl were allowed to stand for 48 h at
25°C before mixing with glutathione. The rate of
cis-DDP hydrolysis was measured by following
the disappearance of the absorption at 300 nm
(not shown). The obtained pseudo first-order rate
constant was 2.5×10−5 s−1, which was similar
to the previously reported value of 2.5×10−5 s−1

in water and to 2.7×10−5 s−1 in 0.5 M NaClO4

solution (pH 6.0) at 25°C (Bose et al., 1984). As
the hydrolysis rate of trans-DDP was shown to be
comparable with cis-DDP (Bancroft et al., 1990),
the standing period for aquation, 48 h, is enough
to generate the monohydroxo or monoaqua com-
plexes of trans-DDP at 25°C. During incubation
with glutathione, the second hydrolysis of these
monoaquated forms may proceed to give the di-
aquated form ([cis-Pt(NH3)2(H2O)(OH)]+ and a
trace amount of [cis-Pt(NH3)2(OH)2] and [cis-
Pt(NH3)2(H2O)2]2+) (Miller and House, 1990).
The reactions of GSH with trans isomers were not
conducted in this study, since the rate constant
was obtained in the literature (Dedon and Borch,
1987). Thus, during the reaction with the aquated
platinum complex, several species will be in-
volved. In this study, HClO4/NaOH was used as
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the ClO4
− ion has weak nucleophilic properties

while phosphate, tris or other buffer ions could
easily chelate with Pt(II).

2.3. Determination of S–S bond and sulfhydryl
group

The S–S bond of GSSG was determined as
described previously (Ohta et al., 1995a). An 1.5
ml aliquot of ‘NTSB assay solution’ was added to
2 ml of the incubation mixture containing GSSG.
After 5 min, the absorbance at 412 nm was mon-
itored against an appropriate blank. The concen-
tration of the S–S bond was calculated by the
amount of 2-nitro-5-thiobenzoic acid formed
(Riddles et al., 1983). The sulfhydryl concentra-
tion of GSH was also determined by the method
of Riddles et al. (1983).

3. Results

3.1. S–S bond decrease in GSSG by cis-DDP
and its aquated form

To test the possibility that GSSG could interact
with cis-DDP or its aquated form through the
S–S bond, GSSG was incubated with them. An
excess amount of cis-DDP or its aquated form
was added to GSSG at pH 7.4 and 37°C. In order
to inhibit aquation of cis-DDP, 0.1 M NaCl was
added to the reaction medium. Fig. 1 shows the
time courses of the decreased S–S concentration
in the reaction mixture in which the molar ratio of
the platinum to GSSG varied from 5 to 30. The
S–S bond of GSSG was shown to be almost
completely diminished after about 450 h by 30-
fold cis-DDP over GSSG. Meanwhile the S–S
decrease due to the aquated cis-DDP, as shown in
Fig. 2, was faster than cis-DDP and almost
finished after about 35 h, where the ratio of
platinum to GSSG was 40. In the control experi-
ment without the platinum complex, the S–S
concentration was not changed over the incuba-
tion period.

The decrease in the S–S bond followed pseudo
first-order kinetics at least up to two halflives (not
shown). In the presence of excess amounts of

Fig. 1. Time course of disulfide bond change of GSSG by
cis-DDP. GSSG was incubated with various concentrations of
cis-DDP at 37°C in 0.5 M NaClO4 containing 0.1 M NaCl
(pH 7.4). The GSSG concentration was 20 mM. The cis-DDP
concentration was (�) 0.1, (�) 0.2,  0.3, (�) 0.4, (�) 0.5,
and (
) 0.6 mM.

platinum over GSSG, the pseudo first-order rate
constants, kobs, were obtained. As shown in Fig.
3, the plots of kobs versus the cis-DDP concentra-
tion gave a linear response, demonstrating the

Fig. 2. Time course of disulfide bond change of GSSG by
aquated complexes of cis-DDP. GSSG was incubated with
various concentrations of cis-DDP aquated complexes at 37°C
in 0.6 M NaClO4 without NaCl (pH 7.4). The GSSG concen-
tration was 20 mM. The concentration of the aquated complex
of cis-DDP was (�) 0.3, (�) 0.4, () 0.5, (�) 0.6, and (�) 0.8
mM.
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Fig. 3. Relationship between pseudo first-order rate constant
and cis-DDP or its aquated complex concentration. (�) cis-
DDP, (�) aquated complexes of cis-DDP.

20. The second-order rate constants, obtained
from the plots according to Eq. (3), are summa-
rized in Table 1 .

3.3. SH decrease in GSH by cis-DDP and its
aquated form

The reactivity of GSH toward cis-DDP or its
aquated form was compared with GSSG. In the
presence of excess platinum over GSH, the
sulfhydryl content was monitored at pH 7.4 and
37°C. The decrease in SH concentration was in-
duced by complexation with cis-DDP or its
aquated complexes, respectively.

cis-DDP has been shown to react with GSH; a
bis adduct and its polymeric form were isolated
by Odenheimer and Wolf (1982), Dedon and
Borch (1987), and Ishikawa and Ali-Osman
(1993) at a GSH to cis-DDP molar ratio of 2. The
incubation of GSH with the excess cis-DDP
aquated complexes in this study would likely pro-
duce the equimolar adduct mainly, thus the sec-
ond-order rate constant for the complexation of
GSH and cis-DDP was derived according to Eqs.
(1)–(3) where GSSG was displaced by GSH.
These rate constants are listed in Table 1. The
rate constant for cis-DDP and its aquated com-
plexes were obtained as 7.11×10−2 and 2.13×
10−1 M−1 s−1, respectively. The rate constant
for the reaction of GSH toward cis-DDP was
17-fold larger than that of GSSG, while a 6-fold
larger rate constant was obtained for the aquated
complexes of cis-DDP.

reaction mechanism described in Eq. (1). The
second-order rate constant for the decrease in the
S–S bond, k1, can be derived according to Eq. (3).

GSSG
A

+Pt complex
B

�
k1

Product
P

(1)

−
d[A ]

dt
=kobs[A ] (2)

kobs=k1[B ] (3)

Fig. 3 shows the plots according to Eq. (3) for the
reactions of GSSG with cis-DDP or its aquated
form. The second-order rate constants were ob-
tained from the slope of the lines in Fig. 3; k1 of
the aquated form of cis-DDP, 3.56×10−2 M−1

s−1, was 8.6-fold larger than that for cis-DDP,
4.12×10−3 M−1 s−1, as summarized in Table 1.

3.2. S–S bond decrease in GSSG by trans-DDP
and its aquated form

Trans-DDP, the inactive trans isomer of cis-
DDP, also induced a decrease in the S–S bond of
GSSG. Time courses of the S–S decrease by
trans-DDP and its aquated form are obtained
where the ratio of platinum and GSSG changed
from 5 to 22.5. The change caused by trans-DDP
was faster than that by cis-DDP. 200 h was
enough to complete the reaction over the ratio of

Table 1
Second-order rate constants for the reactions between plat-
inum complexes and GSSG or GSH at pH 7.4 and 37°C

GSSG rate con-Platinum complex GSH rate con-
stant (M−1 s−1) stant (M−1 s−1)

cis-DDP 4.12×10−3 7.11×10−2

3.56×1O−2Aquated complexes 2.13×10−1

of cis-DDP
trans-DDP 1.59×10−2 3.91*
Aquated complexes N.D.1.24×10−1

of trans-DDP

N.D., not determined.
*Dedon and Borch (1987).
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Table 2
pH-dependence of the second-order rate constants for the
reaction between monoaqua complexes of cis-DDP and GSSG

pH Rate constant (M−1 s−1)

4.5 5.14×10−2

5.5 5.14×10−2

6.5 3.95×10−2

3.56×10−27.4
2.64×10−28.5
2.63×10−29.5

0.5 M NaClO4 solution without NaCl at 37°C.

levels of glutathione is accepted as one of the
mechanisms of the acquired resistance (Timmer-
Bosscha et al., 1992). In experimentally developed
human ovarian cancer cell lines resistant to cis-
DDP, the glutathione level increased 13–50 times
higher than that in cells without resistance depen-
dent on the cis-DDP dose (30�200 mM) (God-
win et al., 1992). Extensive studies for the
conjugation of cis-DDP by the reduced glu-
tathione were conducted (Odenheimer and Wolf,
1982; Corden, 1987; Dedon and Borch, 1987;
Ishikawa and Ali-Osman, 1993). The disappear-
ance of the S–S bond in GSSG, induced by
complexation with platinum complexes observed
in this experiment raises the interesting possibility
that the inactivation of cis-DDP or its aquated
species by GSSG as well as by GSH is partly
responsible for the glutathione conjugation.

Inside the cell, chloride ion concentration is low
(about 4 mM), and the chloride is slowly released
from cis-DDP by a shift in the equilibrium to the
hydrolysis of the first chloride ion. The formation
of the hydrolyzed species [cis-Pt(NH3)2Cl(H2O)]+

or [cis-Pt(NH3)2Cl(OH)] is a requirement for the
binding of platinum to DNA (Corden, 1987). The
data summarized in Table 1 shows that the sec-
ond-order rate constant for the reaction between
GSSG with aquated species is 8.6- or 7.8-fold

3.4. Effect of pH

In order to investigate the reactivity of GSSG
under conditions similar to that within a cell,
GSSG was incubated with the cis-DDP aquated
complexes at various pHs including the weak
acidic pH intracellularly encountered. The pH did
not change during the course of the reaction. The
second-order rate constants were obtained in the
range of pH 4.5 to 9.5, as shown in Table 2.

3.5. Effect of NaCl concentration on the S–S
bond decrease by cis-DDP

To assess the hypothesis that the hydrolyzed
species [cis-Pt(NH3)2Cl(H2O)]+ or [cis-
Pt(NH3)2Cl(OH)] are the reactive intermediates
responsible for the binding of platinum to GSSG,
chloride was added to the incubations of cis-DDP
and GSSG. If this hypothesis is valid, a high
concentration of chloride would completely pre-
vent the reaction. However, the S–S decrease in
GSSG was observed even in 3.4 M NaCl solution
to an extent similar to the low Cl− concentration
(Fig. 4).

4. Discussion

In most cells, the concentration of glutathione
is in the range 0.5–10 mM, and outside the cell
it’s of mM order (Lempers et al., 1988; Ishikawa
and Ali-Osman, 1993). Glutathione is one of the
nucleophiles that cis-DDP would encounter in the
cell. Thus, the detoxification of cis-DDP by high

Fig. 4. Effect of NaCl concentration on disulfide bond of
GSSG (20 mM) incubated with 0.8 mM cis-DDP at pH 7.4
and 37°C. The S–S concentration was determined after 24 h
incubation.
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larger than that with each parent drug, cis- or
trans-DDP, respectively. The higher reactivity of
the aquated form than DDP was observed in the
reaction with DNA as well as the S–S bond of
GSSG. Although the aquated platinum complexes
are known to react with nucleophiles at least
10-fold faster than the parent complex, the ob-
served acceleration of the aquated complex was
slightly less than expected (Howe-Grant and Lip-
pard, 1980),

The aquated complexes produced by the first
hydrolysis are [cis-Pt(NH3)2Cl(H2O)]+ and [cis-
Pt(NH3)2Cl(OH)] with a pKa of 6.85. The second-
order rate constant for the reaction between the
aquated complexes and GSSG at pH 9.5 was
about 2-fold smaller than that at pH 4.5. This
result is consistent with the fact that the affinity of
OH− to platinum is higher than that of H2O, and
suggests that water is about a 2-fold better leaving
group than the hydroxide ligand (Howe-Grant
and Lippard, 1980).

The influence of concentration of NaCl on the
decreasing rate of S–S by cis-DDP is presented in
Fig. 4. Up to 60 mM NaCl, S–S cleavage was
sharply decreased, suggesting that the aquated
form is more reactive than cis-DDP. In the pres-
ence of 60, 150 mM and 3.4 M the rates of
reaction are indistinguishable; 20% of S–S bonds
were cleaved in 24 h at 37°C, pH 7.4. However,
the degree of suppression of the aquation reaction
is different in these NaCl concentrations. Accord-
ing to Miller and House (1990), at 37°C in pH 7.4
solution containing 60, 150 mM, or 3.4 M NaCl,
cis-DDP changes to hydrolyzed products of 26.2,
12.2 or 0.6% at equilibrium. The aquation did not
correlate S–S cleavage and incomplete suppres-
sion of reactivity even in 3.4 M NaCl solution was
observed. It has now been generally accepted that
cis-DDP can react with DNA only after a chloro
ligand is replaced by water. Concerning the rate-
determining step of cis-DDP with sulfur-contain-
ing biomolecules, the available data are quite
controversial. It has been reported that the chloro
hydrolysis is the rate-determining step in reactions
of cis-DDP with leucine aminopeptidase, with
g-glutamyl transpeptidase, and also with albumin
(Dedon and Borch, 1987; Lempers and Reedijk,
1991).

However, it has also been suggested that there
may be a direct binding to proteins without prior
aquation, and this has been observed with cys-
teine, GSH, adenosine triphosphatase, and with
MT (Corden, 1987; Lempers and Reedijk, 1991).
In this case of GSSG, the pathway of the direct
binding to GSSG without prior aquatation is not
necessarily predominant.

The second-order rate constants for the reac-
tion of cis- and trans-DDP and their aquated
complexes against GSSG or GSH are listed in
Table 1. The rate constant for trans-DDP and
GSH, 3.91 M−1 s−1 is quoted from the literature
(Dedon and Borch, 1987). The rate constants for
the reaction of cis- and trans-DDP against GSSG
were, 4.12×10−3 and 1.59×10−2 M−1 s−1, re-
spectively, and the trans isomer showed up 3.8-
fold larger than cis-DDP. A more remarkable
trans effect was shown in GSH, trans-DDP (3.91
M−1 s−1) reacted with GSH sulfhydryl 55-fold
faster than cis-DDP (7.11×10−2 M−1 s−1)
(Table 1). Thus glutathione rapidly binding to
trans platinum complexes rather than cis isomers
may be due to the trans-labilizing power of the
coordinated ligand. Once bound to a labile site,
glutathione will tend to labilize the trans chloride
ion, facilitating platinum coordination to another
site. In the previous studies trans-DDP was ob-
served to be more readily incorporated than cis-
DDP into proteins, such as a2-macroglobulin,
a1-proteinase inhibitor, human and bovine serum
albumin (Gonias et al., 1988) although the au-
thors suggested Cys sulfhydryl or Met residue as
the platinum binding site.

In the case of the reaction between GSH and
cis-DDP, two inconsistent products have been
demonstrated by data using IR and NMR,
namely the 2:1 and 2:2 complexes (Odenheimer
and Wolf, 1982; Appleton et al., 1989). On the
other hand, in the case of GSSG, assuming that a
1:1 stoichiometry product is formed, plots be-
tween kobs and Pt concentration gave a linear
relationship (Fig. 3). This is consistent with the
result obtained by a spectrophotometric study
suggesting 1:1 product formation (unpublished
data).

In inorganic chemistry, the coordination of sev-
eral metals to GSSG has been studied. Only one
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example of the S–S bond cleavage by [PtCl(-
dien)]+ was studied by Lempers et al. (1988), of
whom Inagaki is one of the authors of this paper.
The result and our study suggest the interaction
of GSSG via the S–S bond would involve cis-
DDP, its hydrolyzed complexes and furthermore,
the monofunctional adduct of cis-DDP bound to
DNA within the cancer cell, since [PtCl(dien)]+ is
a model compound of the monofunctional adduct
formed by DNA and cis-DDP, although these
platinum complexes are more readily conjugated
by GSH rather than GSSG.

Glutathione is usually in the reduced form in
the body and less than 5% of the glutathione is in
the oxidized form (Ishikawa and Ali-Osman,
1993). Furthermore, the rate constant of the reac-
tion between cis-DDP or aquated complexes with
GSSG was 17- or 6-fold slower than that with
GSH. Therefore, GSH would be mainly responsi-
ble for the conjugation and/or metabolism of
cis-DDP, and the involvement of GSSG with
clinical relevance might be ignored.
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